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INTRODUCTION
The Aerodyne Quadrupole Aerosol Mass Spectrometer (Q-AMS (Jayne et al. 2000) ) has been deployed in many field and laboratory experiments to provide quantitative, high time resolution (typically 5 minute) information on the size-resolved chemical composition of sub-micron non-refractory (NR-PM 1 ) aerosols ). The principle of operation is to focus particles onto a vaporizer (approx 550
• C) under high vacuum using an aerodynamic lens (Zhang et al. 2002 (Zhang et al. , 2004 , where they flash vaporize on the hot vaporizer surface. Particle vapors are ionized using 70 eV electron impact (EI) ionization, and the ions are analyzed using standard quadrupole mass spectrometry with an electron multiplier detector. Only particles that readily vaporize in a few seconds at or below the vaporizer temperature are measured by the Q-AMS, meaning sea-salt, black carbon, and mineral species cannot be detected under normal operating conditions. The operating pressure in the Q-AMS detection region is around 10 −7 Torr. The Q-AMS was originally designed to operate in two modes , Mass Spectrum (MS) and Particle Timeof-Flight (PToF). In MS mode the mass spectrometer continuously scans the mass-to-charge ratio (m/z) and measures the ion current at each point in the spectrum, usually in the range of 0-300 m/z. A total mass spectrum is recorded for the sample that enters the instrument, and also for the instrument background 866 J. CROSIER ET AL. with no sample, by the use of a movable beam blocker (referred to as the chopper) that can be used to block the particle and molecular beam generated by the aerodynamic lens. The background spectra are subtracted from the total spectra to yield mass spectra resulting from the sample beam only. In the Q-AMS the quadrupole mass spectrometer is scanned at 1 m/z per millisecond (ms) and the signal is sampled at 5 MHz and co-averaged by a factor of 250 into equidistant points in the scan at 0.05 m/z intervals. This means any point in a single MS scan represents a time average of 0.05 ms.
In PToF mode, a single m/z setting is continuously monitored by the quadrupole mass spectrometer while a packet of particles is allowed to pass through the chopper via one of two opposite facing slits in the chopper disc (each slit usually having 2% duty cycle), which rotates at approximately 65 Hz resulting in 130 particle size scans per second. Due to the supersonic expansion into vacuum at the exit of the aerodynamic lens in the Q-AMS, particles obtain a size dependent velocity in the instrument (Jayne et al. 2000) . The signal as a function of time in PToF mode can be calibrated to provide size-resolved chemical information, with the sizing metric being vacuum aerodynamic diameter (DeCarlo et al. 2004 ). Usually around 10-15 m/z settings are monitored in PToF. Each m/z is monitored for 300 ms (approximately 40 chopper cycles) before the quadrupole voltages are adjusted to monitor the next m/z. The exact point in the spectrum monitored is predicted to lie in the centre of the plateau (in signal) of the peak produced by a given integer m/z and is determined by a previous m/z calibration.
Aerosol composition information is derived from the entire mass spectrum obtained in the MS mode of operation using the deconvolution technique of Allan et al. (2004) . However, inorganic aerosol species typically fragment into only a few distinct fragments (Allan et al. 2004) . Even for the case of organic species, which yield many ion fragments, Zhang et al. (2005) developed a technique for the Q-AMS to extract Hydrocarbonlike and Oxygenated Organic Aerosol (HOA and OOA) particle components from the Q-AMS data taken in urban environments, based on the total organic mass spectra and key m/z markers. One algorithm used in this technique bases HOA on the signal resulting from m/z 57 which is frequently dominated by an alkyl fragment (C 4 H + 9 ), and OOA based on the m/z 44 signal (CO + 2 ) which occurs when poly/di-carboxylic acid functional groups and other oxygenated species decompose on the vaporizer. m/z 60 from levoglucosan is a tracer for at least some types of biomass burning aerosols (Schneider et al. 2006 ).Therefore improvements in signal to noise of a few key m/z's in the mass spectrum can potentially lead to increases in instrument sensitivity.
The high time resolution of the Q-AMS has been one of its leading assets. While Q-AMS data is usually measured with a time resolution on the order of minutes, MS and PToF data with time resolutions of a few seconds have been obtained during vehicle chase studies that sampled high exhaust aerosol concentrations . Other important applications, such as eddy covariance flux measurements or aircraft measurements that are typically carried out at 100 m/s, require high time resolution under low aerosol concentration conditions. This paper presents a method that allows the Q-AMS to sample at higher time resolution, while maintaining a high signal-to-noise and a high quality data product for key mass fragments and chemical species.
JMS MODE DESCRIPTION
The JMS mode of operation allows higher signal to noise measurements to be acquired by the Q-AMS than the MS mode of operation. The JMS mode improvements are obtained by increasing the sample time on a few (typically around 10) important m/z's, instead of scanning the entire mass spectrum (as in MS mode). The increased signal to noise data from the JMS mode allows fast processes to be monitored. Quantitative mass loadings can be derived from the JMS data alone when the fragmentation pattern is known or can be determined from the data, while the JMS mode works best in conjunction with MS mode when the pattern is not known. Any time spent sampling in JMS mode results in a reduction in sample time for MS and PToF modes which may also be in use. This means the use of the JMS mode results in lower signal to noise data for the MS and PToF modes. However as we demonstrate later in the text, when JMS is used in conjunction with MS mode an increase in the overall mass concentration sensitivity results due to the increase in sample time for key mass fragments which contain the majority of the information.
In JMS mode the signal of specific key masses is measured in the chopper open (total signal) and chopper closed (background signal), as in MS mode; i.e., the slit chopper (which reduces the signal by approx a factor of 25 relative to MS mode to provide particle size measurement) is not used as in the PToF mode. The JMS scan works on a basic 60 ms cycle (see the spectra would be a result of 2 ms of sample time. In offline data processing the MS signal is averaged over a 0.45 m/z interval to generate a single value (referred to as the "stick" value) which represents the average signal for entire m/z. This means 9 points from the averaged spectrum are themselves averaged to create each stick value. Each stick value (which are used in the mass loading calculations) in this example of 12 s MS sample is a result of 18 ms of sample time. If the Q-AMS were set to sample again for 12 s, but with 6 s in MS mode and 6 s in JMS mode (monitoring 10 m/z's), each stick in the MS spectrum results from 9 ms of sample time, but the JMS data at key m/z's results from 570 ms of sample time. The duty cycles for a given m/z in MS and JMS mode will be 0.15% and 9.5%, respectively. It is this large increase in sample time that drives the significant improvement in SNR for the JMS mode. However, for the m/z's not scanned in JMS mode, there is a decrease in sample time from 18 ms to 9 ms. If sampling were to include PToF data as well, there would be an associated reduction in sample time for each m/z in this mode as well.
Ion counting statistics determine the errors associated with both the MS and JMS ion signals, and are described by Equation (1) (Allan et al. 2003) , demonstrating an inverse proportionality between the noise in the difference signal ( I d ) and the square root of the scan time (t s ). In Equation (1) I o and I c represent the total (chopper open) and background (chopper blocked) signals, and α (which has a value of approx. 1.2) represents the additional noise originating from the variability of the single ion signal detected by the electron multiplier. For the example above (0-300 m/z MS scans and 10 JMS m/z's, with each mode sampling for 50% of the averaging period) there would be an overall reduction in ion-counting noise by a factor of approximately 8 for the 10 m/z's scanned in JMS mode. An associated increase in noise in the 290 m/z's not scanned in JMS mode of 1.4 is a result of the trade-off made. Under normal sampling conditions the Q-AMS is also run in PToF mode. Therefore running in JMS mode also results in a decrease in PToF mode acquisition time, and thus sensitivity.
For each selected m/z, the JMS signal is measured while the quadrupole mass spectrometer is set to monitor a single point in the spectrum. The point monitored is in the centre of the m/z signal plateau as determined by an m/z calibration over the entire MS mode range (0-300 m/z). However, the MS mode data is an average over a large proportion of the plateau. Due to this systematic difference between the two data types, the JMS signal is typically scaled to the corresponding MS signal taken over the same measurement period. Under normal operation of the Q-AMS, JMS mode is run in tandem with MS mode to allow the calculation of these scaling factors. The scaling factor is calculated using an error weighted least distance fit on the JMS and MS data at the specified m/z's, and can be verified in principle using the 1 ms scan (Figure 1 ). The scaling factor remains constant as the location of the JMS scan in m/z space is always the same, unless tuning parameters within the quadrupole or control software are changed. Therefore only a single scaling factor is needed for most campaigns. The scaling factor is typically in the range of 0.8-1.3, and varies as a function of m/z. Following normalization, the JMS signals are imported into the full mass spectra obtained in MS mode. These new data for specific m/z channels are processed in place of the original MS-derived data using the "fragmentation table" approach of Allan et al. (2004) to generate mass concentrations of species including total organics, nitrate, sulphate, and ammonium.
FOURIER ANALYSIS OF JMS IMPROVEMENTS
In order to characterize the benefit of the JMS mode of operation Q-AMS mass concentration time series using MS data with and without JMS improvements were analyzed using Fast Fourier Transforms (FFT). The FFT (Press et al. 1992 ) provides information on the signal at different sampling frequencies within a time series.
The University of Manchester Q-AMS was deployed during July 2005 as part of the CityFlux (Emission, Transport and Chemical Processing of Pollutants within Cities) field campaign. The instrument sampled ambient aerosol though an inlet on the roof of the University of Manchester Sackville Street Building, which is situated approximately 30 m above street level (Williams et al. 2000) . CityFlux was designed to investigate particle fluxes from Manchester City Centre and thus required highly time resolved measurements. For this reason the Q-AMS was run for 14 days with 1 minute averaging intervals with the JMS mode in addition to the usual MS and PToF modes, to allow a comparison of the high speed aerosol data with similar resolution trace gas measurements. The sample time in each of the three modes was 20 s out of every minute, with 0-300 m/z MS scans, and 12 m/z's in JMS and PToF mode. Approximately 2 s of dead time was attributed to each 20 s scans for all modes of operation to accounts for chopper movements, and data acquisition duty cycles of 85% and 65% were measured for MS and JMS mode, respectively.
The FFT of the MS and JMS nitrate, sulphate, total organic, and m/z 43 organic concentrations from CityFlux are shown in Figure 2 as Magnitude Squared (defined as Power) versus frequency. The data is processed by importing m/z's 30, 46, 48, 43, 44, 55, and 57, which et al. 2006) . The remaining 5 m/z's scanned were used to monitor other species not considered in this analysis. Attempts to increase ammonium signal to noise using the JMS mode were unsuccessful due to large background noise at interfering water and air peaks in the spectrum. However making the assumption of charge balance (which can be verified using measured ammonium, nitrate, and sulphate) an improved estimate of ammonium can be calculated based on a charge balance on the JMS improved sulphate and nitrate mass concentrations. While this may not be an acceptable assumption in some environments, its validity can typically be verified using MS mode data ).
The region of constant power at high frequency in the power spectra (representing the variance (Stull 1988) ) shown in Figure  2 associated with high frequency random noise ("white noise," with approx. the same power at all frequencies) in the instrument is visibly lower for the JMS data by approximately a factor of 10 for all species except total organic mass. The lowering of the white noise level in the power spectrum for the JMS data means that signal becomes resolvable above the noise at higher frequencies of sampling when JMS data is used. Noise in the power spectra can be estimated using Equation (2) (Stull 1988) which states the standard deviation is proportional to the square root of the area under the power spectrum between a and b, where a and b only contain high frequency noise (taken as 7 × 10 −3 and 8 × 10 −3 Hz, respectively, for these data). The reduction in noise of the measurement can be predicted by taking the ratio of the integrated areas of the MS and JMS power spectra.
The relative reduction in the standard deviation was determined to be 4.6, 3.0, 1.3, and 3.5 for nitrate, sulphate, total organics, and m/z 43, respectively, using the power spectrum analysis. The largest reduction in standard deviation was found for nitrate, as the two major ions produced (NO + and NO + 2 ) were both sampled in JMS mode. A reduction in sulphate noise was found, but this is not as large as the nitrate reduction, as only one m/z was sampled for sulphate, which has typically 4 major fragments. A smaller reduction in the noise of the total organic signal is found. Assuming the organic signal is made up of signal from 0.45 m/z for each m/z scanned, and from 250 peaks in the mass spectra, each data point in the MS organic time series has a total sample time of 5.74 s, whereas with the additional use of the JMS data the total sample time increases to 9.44 s. However this MS mode scan time for the organics is not a fair representation of the noise levels as a majority of the organic signal is found in only a small fraction of the peaks, depending on the specific species under study. When compared to the increase in sample time for a species such as nitrate (from 0.054 s in MS mode to 3.01 s in JMS mode) it is clear where this reduction in signal to noise comes from. A reduction in the noise of organics at m/z 43 was found to be significant, consistent with a large increase in scan time. However, using this technique the improvement was not as large as that for the inorganic species. This could be a result of natural variability in the organic aerosol at m/z 43 occurring on timescales shorter than sampling time due variations in primary organic concentrations brought about by inhomogeneities in traffic activity and street canyon air mixing, as reported by Zhang et al. (2005) . This would manifest itself in an apparent increase in instrumental noise and could explain the apparently low increase in signal to noise. Figure 3 shows the normal MS-derived sulphate mass concentration with a modified JMS-derived sulphate concentration during CityFlux. Here, instead of simply importing the higher signal to noise JMS data and using this with the other standard MS data to calculate the total sulphate mass, only the mass concentration at m/z 48 is used, and scaled up to the total sulphate mass concentration using the expression SO 4total = 4.59 × SO 4m/z48 . This relationship was determined from linear regression of the data, forcing the intercept to equal zero. This can be done due to the predictable fragmentation pattern of sulphate and the small organic interference at this m/z (DeCarlo et al. 2006) .The relative contribution of m/z 48 to total sulphate (i.e., the fragmentation of sulphate) is also shown in Figure 3 as a time series and is stable with no significant deviations. This is not the case for either nitrate or organics, as the fragmentation of these species is composition dependent, with ammonium nitrate and sodium nitrate producing significantly differing spectra (Alfarra 2004 ). An increased reduction in noise (from a factor of 3.03 to 3.90) is found when using only m/z 48 to calculate the total sulphate mass. This is demonstrated by the reduction in the white noise level in Figure 2 for the JMS* SO 2− 4 spectra. The predicted relative reduction in noise (using Equation [1] and the operation conditions of the Q-AMS during CityFlux) is approximately a factor of 6.35 per m/z. The improvement to the nitrate signal is the closest to the theoretical maximum, as all major fragments are scanned in JMS mode. Sulphate signals approach this limit but still have some degree of extra noise, whereas the organics at m/z 43 and total organics get progressively less benefit from the JMS mode.
Noise reduction never approaches the theoretical limit. However, the reduction in noise predicted by the use of Equation (2) applies over a specific frequency range of the power spectrum. This may not describe the overall reduction in standard deviation, as the FFT only provides information up to a maximum of half the original sample frequency, meaning the benefit to the one minute data cannot be assessed. Also, true variability in aerosol loadings over time intervals of twice the sampling time or less would also result in an apparent increase in noise, reducing the apparent benefit of the JMS data.
JMS APPLICATIONS
The JMS mode of operation has been used extensively on the Q-AMS onboard the UK Facility for Airborne Atmospheric Measurements (FAAM), with the instrument measuring for calculated using the MS and JMS optimized (m/z 30, 46) data, respectively, on AMPEP flight B097 on 25th May 2005. It appears that the JMS mode improves the temporal signal of the nitrate mass concentration, resulting from a reduction in noise (this can be seen in the time series 08:00-09:30, with nitrate levels below detection limits). This results in key structures within the data becoming increasingly resolved. The relative reduction in noise (measured as the relative reduction in standard deviation of the nitrate signal for the initial period of near zero nitrate mass) was found to be a factor of 5.81. This approaches the maximum benefit possible (assuming 85% and 65% data acquisition duty cycle for 10 seconds of MS and JMS data respectively, with 0-300 m/z scans at 1 m/z per ms, and JMS scans for 9 m/z's using the 60 ms JMS cycle), which is 7.33. For aircraft flux inventory work such as that carried out during AMPEP, this increase in signal to noise is crucial, as in addition to improving the absolute accuracy of the measurements, the resulting improvements to the spatial resolution are vital for identification of sources. The two time trends are also of the same order, meaning that the scaling factor technique adopted did not introduce measurement artefacts. Also the estimated errors in the 30-second JMS nitrate data from the aircraft are much smaller than the magnitudes of the plumes, whereas the errors in the standard MS data are much larger, which results in the loss of some information.
The JMS mode of operation is not only useful in aircraft studies, but in any highly dynamic laboratory studies such as chamber studies of Secondary Organic Aerosol (SOA) formation. Figure 5 shows MS and JMS Q-AMS time series for m/z's 43 and 44 (the latter corrected for gas-phase CO 2 ) taken during an alpha-pinene photooxidation experiment at the Paul Scherrer Institute (PSI, Villigen, Switzerland) smog chamber at 2-minute averaging times. Not only is there an increase in the signal to noise of the JMS data, the high temporal information allows insight into possible chemical changes in the aerosol. For example also plotted in Figure 5 is the ratio of m/z 43 (C 2 H 3 O + and C 3 H + 7 ) and 44 (CO + 2 ). The time trend of this ratio when calculated from MS data is very noisy and shows little information at the start of the experiment, however a clear trend in JMS data can be resolved at the start of the experiment that may allow insight into the processes involved in SOA formation. Without such high temporally resolved and sensitive measurements, this important information would not be available. A relative reduction in the standard deviation of the signals in the presence of no aerosol mass was found to be 6.0 for both m/z's (the theoretical improvement is calculated to be a factor of 6.35).
CONCLUSIONS
A new mode of operation for the Q-AMS is demonstrated and is found to increase the sensitivity to inorganic species that typically break into few fragments upon vaporization/ionization in the instrument, or species such as sulphate which fragment in a predictable manner. The same is true for key organic fragments that can be used as characteristic markers. However, the benefit to the total organic signal is limited due to the large number of peaks associated with the organic mass spectra. The relative increase in sensitivity is related to the relative dwell time in the MS and JMS modes of operation, and also the number of m/z scanned in the JMS mode. Assumptions about the fragmentation of sulphate can lead to increases in signal-to-noise to the overall sulphate signal. Improvements to nitrate (both m/z 30 and 46 due to composition-related variation in fragmentation) and sulphate (m/z 48 or 64) are easily achieved using the JMS mode, which can prove useful in situations where highly time resolved measurements are needed, such as in-situ cloud activation and droplet nuclei composition measurements. Improvements to non-refractory chloride measured by the Q-AMS could also be achieved due to the small number of fragments produced (typically at m/z 35 and 36) but are not investigated here.
When combined with standard Q-AMS operation in MS mode, a decrease in detection limit for the Q-AMS by a factor of 4.5, 3.9, 1.3, and 3.5 for nitrate, sulphate, total organics, and m/z 43 mass loadings was achieved for 1 minute time interval (20 s in each of the three Q-AMS mode, monitoring 10 m/z in JMS mode) was calculated using Fourier analysis. These are somewhat lower than the value predicted by the increase in sample times. This could be due to natural variability and particle counting statistic appearing as noise in the FFT power spectrum. Also, the noise improvements from an FFT can only be determined at frequencies less than half the sample frequency. Noise improvements calculated from zero particle filter runs showed improvements closer to the theoretical predictions.
Important information on organic functionality can be obtained with high time resolution at low concentrations using the JMS mode as demonstrated using the data from the PSI smog chamber. However a reduction in signal to noise for the PToF size distributions means that careful consideration of mode operating times should be undertaken for each experiment (DeCarlo et al. 2006) . Also, the low flowrate into the Q-AMS (typically 1.4 cm 3 s −1 ) means that particle counting statistics limit the maximum time resolution of the instrument in many environments.
